Abstract: Recent increases in Pinus ponderosa Dougl. ex Laws. forest density in the southwestern United States have severely reduced understory herbaceous biomass and altered understory species composition. To examine whether changes in graminoid species composition are caused by increased shading, we studied the effects of shade on leaf gas exchange, biomass, and reproductive characteristics of five grass species native to Arizona P. ponderosa forests in a greenhouse study. Blepharoneuron tricholepis (Nash) Torr., Koeleria cristata (L.) Pers., Festuca arizonica Vasey, Muhlenbergia montana (Nutt.) Hitchc., and Sitanion hystrix (Nutt.) J.G. Smith were grown under three light levels representative of photosynthetic photon flux densities and red/far-red ratios that occur beneath P. ponderosa canopies. In general, all species grew better under unshaded conditions, but all survived and flowered even under the dense shade treatment. Reduction of net assimilation rate by shading was the strongest during early reproductive shoot growth for all species except K. cristata, whose assimilation rate was unaffected by shading. Biomass allocation and reproductive responses to shading varied among species. Biomass of S. hystrix was the least affected by shading of all species, and it showed no response in biomass allocation to reproduction but increased height and weight of individual flower stalks under shade. Overall, S. hystrix and K. cristata, species that occur in dense P. ponderosa stands, were least affected by experimental shading, which suggests that shade is a contributing factor to the distribution of grass species in Arizona P. ponderosa forests.
Introduction
Prior to Euro-American settlement, Pinus ponderosa Dougl. ex Laws. forests in the southwestern United States were open and consisted mostly of large-diameter trees (Covington and Moore 1994a) . Currently, tree densities in many stands are 40-50 times greater than presettlement densities, and small trees are the dominant size class (Covington and Moore 1994b; Covington et al. 1997) . These changes, caused in part by management practices such as heavy grazing early this century and active fire suppression (Cooper 1960; Savage 1991; Covington and Moore 1994a; Covington et al. 1994) , have altered productivity and diversity of herbaceous understory vegetation.
As a general trend, the productivity of graminoid, forb, and shrub biomass decreases in a concave relationship with increased P. ponderosa density and canopy cover (Clary et al. 1975; Wilson 1987; Clary 1988; Moore and Deiter 1992) . A largely ignored question is whether individual graminoid species respond differently to increased tree density. Among the few studies examining this question, two suggest that Blepharoneuron tricholepis (Nash) Torr., Festuca arizonica Vasey, and Muhlenbergia montana (Nutt.) Hitchc. grow better in the open (Arnold 1950; Merkle 1962) , while Sitanion hystrix (Nutt.) J.G. Smith grows well under dense stands (Merkle 1962) . Further, Pearson (1967) reported that growth rates of F. arizonica under dense canopies decreased more than M. montana. More recently, Naumburg and DeWald (1999) showed that B. tricholepis, M. montana, and Muhlenbergia virescens (H.B.K.) Kunth. occurred preferentially in forest openings, while Koeleria cristata (L.) Pers. occurred in a variety of light environments, and S. hystrix occurred preferentially beneath dense pine stands.
Research attempting to link field productivity and cover of southwestern graminoid species with environmental variables has failed to establish clear relationships that explain differences in species performance. McLaughlin (1978) found that grass biomass correlated best with light quantity, soil potassium content, and stand age, but responses varied among species. In Oregon's interior P. ponderosa forests, density and cover of most herbaceous species responded positively to increased light, whereas some species appeared to respond to both increased light and increased below ground resources (Riegel et al. 1992 (Riegel et al. , 1995 . In eastern Washington, Moir (1966) concluded that both light and nitrogen availability affect understory biomass and cover.
While factors such as nitrogen (Moir 1966 ) and water availability (Riegel et al. 1992 ) likely influence the performance of some grass species, light intensity is probably important as an influence on photosynthesis and carbon (C) balance to allow persistence in shade. In general, changes in biomass allocation caused by shading, especially under lower red/far-red light conditions, are typically greater for species adapted to sites with full light conditions ("sun species") than shade-tolerant species (Fitter and Ashmore 1974; Smith 1979, Smith 1982) . Further, sun species have higher net photosynthetic capacity and, when shaded, show a greater reduction in photosynthetic capacity than shade-tolerant species (Boardman 1977; Björkman 1981) . However, exceptions to these patterns exist. Some shade species can achieve photosynthetic rates similar to those of sun species (Chow et al. 1988; Murchie and Horton 1997) , and they can be successful in high-light environments despite low acclimation of their photosynthetic apparatus (Adamson et al. 1991; Osborne et al. 1994) . A study of 22 species from different shade environments indicated that the mechanism of acclimation differed among species (Murchie and Horton, 1997) : sun species responded at the leaf morphological level by increasing specific leaf area (SLA), while shade species responded at the chloroplast level.
To further explore how shading by P. ponderosa forests in the southwestern United States affects native grasses, we used a greenhouse study to examine the photosynthetic, biomass allocation, and reproductive responses to shade by five grass species (B. tricholepis, F. arizonica, K. cristata, M. montana, and S. hystrix) . We tested whether differences in species responses to shading can explain their occurrence in different light environments within the forest and, thus, identify shading as a driving force behind shifts in understory species composition.
Material and methods

Plant material
A factorial greenhouse study with grass species and shade level as factors was conducted to test for differences in photosynthetic, biomass, and reproductive response to shading. Blepharoneuron tricholepis, S. hystrix (also known as Elymus elymoides (Raf.) Swezy), F. arizonica, M. montana, and K. cristata were used in this study. These grass species were selected because they are common to P. ponderosa forests in the southwestern United States (U.S. Forest Service 1937; Gould 1951), and they represent a range of genera, phenologies, photosynthetic pathways, and forest growth environments. All species are perennial bunchgrasses lacking rhizomes (Gould 1951) . Blepharoneuron tricholepis and M. montana have the C 4 photosynthetic pathway (Watson and Dallwitz 1992) , flower relatively late (September) in the growing season (Pearson, 1967) , and have been described to prefer open habitats in P. ponderosa forests (U. S. Forest Service 1937; Arnold 1950; Merkle 1962) . Festuca arizonica is a C 3 grass (Watson and Dallwitz 1992) that flowers in June or July (Pearson, 1967) , has been associated with open habitats (U. S. Forest Service 1937; Arnold 1950; Merkle 1962) , but occasionally occurs in shaded, moist areas (U.S. Forest Service 1937). Sitanion hystrix and K. cristata are C 3 grasses (Waller and Lewis 1979) and are widely distributed in North America (U.S. Forest Service 1937) with different ecotypes in different regions (Robertson and Ward 1970; Clary 1975) . Sitanion hystrix begins flowering in July (Clary 1975 ) and can grow under relatively dense P. ponderosa canopies (Merkle 1962; Naumburg and DeWald 1999) . Koeleria cristata flowers in June-July (Robertson and Ward 1970) and shows no habitat preference with respect to P. ponderosa density in central Arizona (Naumburg and DeWald 1999) .
Mature plants (2-4 cm crown basal area) were collected in early December from the south-facing edge of a P. ponderosa stand in the Coconino National Forest approximately 8 km south of Flagstaff, Ariz. The stand was adjacent to a meadow and had a closed canopy of 36 cm diameter trees growing at a density of 235 trees/ha. The grasses were cut back to a height of 2.5 cm; planted in 8.9-L containers in a mixture of 50% topsoil (loam rich in montmorillonite), 25% peat moss, and 25% perlite; and overwintered outside. The following March the plants were transferred into a greenhouse and placed under the shade treatments.
Shade treatments
Three light levels were chosen to mimic light quantity and red/ far-red ratio (R/FR) conditions of full sun, intermediate shade, and dense shade found under native P. ponderosa canopies. The target values of photosynthetic photon flux density (PPFD; 400-700 nm) and R/FR of the shade treatments were based on a literature review of light quantity and quality under conifer canopies (e.g., Morgan et al. 1985; Ross et al. 1986; Messier et al. 1989 ). Full sun is characterized by a R/FR of 1.15 (Smith 1982) , while dense conifer stands transmit only 5-10% of PPFD and have an average R/FR of 0.40. A reduction in PPFD and R/FR to create the shade treatments in the greenhouse was achieved using window film made by 3M 
Growth conditions
Greenhouse temperatures were based on the 30-year average maximum and minimum temperatures in Flagstaff, Ariz., for the months of June-August (Green and Sellers 1964; Sorenson 1974) and were set to a maximum day and minimum night temperature of 23 and 10°C, respectively. Pots were watered using a dilute (5% of recommended strength) fertilizer solution (Peters Complete 20:20:20 (N-P-K); Peters Fertilizer Products, Fogelsville, Pa.) to provide the plants with steady-state nutrient availability (Ingestad 1977) . Because of the different water use of plants in different shade treatments, no-shade plants were watered twice a week, while dense-shade plants were watered once every 1.5 weeks to maintain moist soil during the study.
Leaf gas exchange
Net assimilation rate was measured on two of the three plants per species in each shade treatment and block on April 29 (only the C 3 species had sufficient foliage), May 31, June 30, July 22, and September 11 using a LI-6200 portable photosynthesis system (LI-COR, Lincoln, Neb.) with a 0.25-L cuvette. All measurement days were sunny. Measurements were made on one to four healthy and fully expanded leaves originating at the base of the plant. Net assimilation rate was measured in the light environment the plants were growing in. Environmental conditions in the cuvette during the measurements (380 µmol·mol -1 CO 2 , 35% relative humidity) were generally within 10% of ambient conditions in the greenhouse. After the measurement, the leaves were clipped for area and dry mass determinations. The projected area of the leaves was measured using a monochrome AgVision system (Decagon Devices Inc., Pullman, Wash.). The involute morphology of F. arizonica leaves caused a consistent underestimate of leaf area for this species compared with the other species that had a planar leaf geometry. Leaf dry mass was measured after ovendrying at 70°C for 24 h. Net assimilation rate was normalized against area (m 2 ) and dry mass (kg) to give net assimilation per leaf area (A area ) and leaf dry mass (A mass ).
Biomass and reproductive characteristics
Throughout the growing season, phenological development was monitored weekly on all plants. The following developmental stages were recorded: shift to reproductive shoot initiation, flower emergence, and anthesis. The time of flower development was calculated by subtracting the days until reproductive shoot initiation from the days until flower emergence.
Flower stalks of the C 3 species senesced prior to the final harvest so they were removed for biomass measurements as they senesced throughout the season. For the final harvest in late October, the biomass of each plant was separated into flower stalks (culms with inflorescences), leaf blades attached to flower stalks, and vegetative biomass. None of the species had significant amounts of stem material in their vegetative biomass so this fraction was not separated from the leaves. The height of flower stalks was measured after clipping the stalks at their base, and the total number of flower stalks was recorded for each plant. Soil was washed from the root systems, which were then air-dried, and any remaining perlite and other contaminants were manually removed. All plant material was oven-dried at 70°C and weighed.
Biomass ratios were calculated from the dry mass data by dividing a particular biomass component by the total plant biomass. These ratios included leaf mass ratio (LMR), flower stalk mass ratio (FMR), and root mass ratio (RMR). The average flower stalk mass included leaves that were attached to the stalk.
Data analyses
The A area and A mass data were analyzed with repeated measures analyses of variance using the means of the two plants measured per treatment and block. For dates where the date × species × shade interaction was significant, analyses were conducted separately for each date. Biomass and reproductive variables were analyzed using univariate analyses of variance. For those variables with a significant species × shade interaction, the shade effect was reanalyzed by species with analysis of variance, and shade treatment means were compared using Duncan's multiple comparison test. Because the effect of PPFD on net assimilation rate was affected by plant phenology (see Results below), we created a data set of measurements that most closely corresponded to the phenological stages of flower initiation and flower emergence. We analyzed this data subset with an analysis of covariance that tested for separate slopes and intercepts among species for the two different phenological stages.
By the end of August, nearly half of the S. hystrix plants had died; their roots had begun to decay and could not be separated from soil at the final harvest. Mortality in this species occurred across all shade treatments and appeared to be related to the large number of reproductive tillers. Reproductive tillers of grasses die after seed set (Briske 1991) , suggesting that S. hystrix mortality was not caused by the treatments but, rather, was a consequence of high reproductive effort. Therefore, the root data of S. hystrix was excluded from statistical analyses, while the leaf biomass and flower stalk data were not. All statistical tests were conducted with general linear methods and regression procedures in SAS (version 6.09) and used a significance level of 0.05.
Results
Leaf gas exchange and specific leaf area
Both the A mass and A area repeated-measures ANOVA had significant date × species × shade interactions, suggesting that species differed in their response to shading and that this response varied over the growing season. For A mass , analyses of individual dates showed a significant species × shade interaction in April and June only (F [4, 40] = 4.8, p < 0.01, F [8, 70] = 3.5, p < 0.01, respectively), while for A area all dates showed a significant interaction (F > 7, p < 0.001). In April, the shade treatments did not significantly affect Results for A area were generally consistent with A mass ; F. arizonica had the highest A area but also the greatest reduction in A area as shade increased, especially in April (data not shown). The greatest reduction in A area over the growing season for both B. tricholepis and M. montana occurred in June, and the response to shade was also strong for B. tricholepis in July. Of the five species, K. cristata and S. hystrix had the overall lowest A area and the smallest A area response as shade increased (data not shown).
We reanalyzed net assimilation rate data according to phenological stage with an ANCOVA model to determine whether phenological stage affected species-specific shade responses (Table 1 ). All species except K. cristata, which showed little photosynthetic response to shade, had greater photosynthetic reductions under shade when they were shifting to reproductive growth than at flowering (Fig. 1) . Further, during early reproductive shoot growth, regression slopes between photosynthesis and PPFD were closely related to species forest distributions with species capable of growth under shade having the lowest slopes (Table 1) .
Specific leaf area of all species increased significantly by shading and responses to shading varied among species (p = 0.05) (Fig. 2) . The increase in SLA between the no-shade and dense-shade treatment was largest for K. cristata and S. hystrix and least for M. montana and B. tricholepis. Moreover, SLA in the no-shade treatment varied significantly among species with the following rank order: B. tricholepis > K. cristata = S. hystrix > M. montana.
Biomass and reproductive characteristics
All biomass and flower stalk variables, except days until onset of reproductive shoot growth, flower emergence, and anthesis, had significant species × shade interactions. For the variables related to the timing of reproductive development, both species and shade effects were significant. Shade shifted the onset of reproductive shoot growth to an earlier date for B. tricholepis and S. hystrix, while flower emergence and anthesis for B. tricholepis and M. montana were delayed under shade ( Table 2 ). The time between reproductive shoot initiation and flower emergence remained constant under shade for F. arizonica and K. cristata but increased significantly by 20-27 days for S. hystrix, M. montana, and B. tricholepis with increasing shade (Table 2) .
Total biomass of all species except S. hystrix decreased significantly under each shade treatment (Fig. 3) . Sitanion hystrix plants growing in the no-shade and intermediateshade treatments did not differ significantly from each other, but the dense-shade plants had 46% less biomass than the no-shade plants. Of the five species in the study, F. arizonica had the greatest biomass under the no-shade treatment, and total biomass decreased 63% under dense shade. The other three species had similar large biomass responses to shade where the dense-shade plants had 75-80% less biomass than the no-shade plants (Fig. 3) .
Koeleria cristata and S. hystrix allocated relatively more of their biomass to leaves as shade increased compared with the other species, and this reallocation came at the expense of roots (Fig. 3) . Absolute leaf biomass of K. cristata was reduced only in dense-shade relative to no-shade plants, while S. hystrix showed no significant effects of the shade treatments on leaf biomass (Fig. 3) . The relative biomass allocation pattern in F. arizonica followed a similar trend, but LMR did not increase for dense-shade compared with intermediate-shade plants. Blepharoneuron tricholepis allocated more biomass to leaves only under dense shade and under intermediate shade, FMR increased while RMR decreased compared to no-shade plants. Muhlenbergia montana biomass allocation was remarkably stable across all shade treatments and was characterized by a high LMR (Fig. 3) .
Koeleria cristata and M. montana flower stalk numbers were not affected by the shade treatments, and the average mass of flower stalks decreased only under dense-shade compared with no-shade plants (Fig. 4) . The average height of K. cristata's stalks also decreased only under dense shade, and many of these dense-shade flowers showed deformities such as twisted stalks. Flower stalk height of M. montana followed a similar pattern, but heights did not differ significantly with shade (data not shown). Festuca arizonica flower stalk characteristics changed from plants having a few stalks with thick culms under no shade, to almost twice the number of stalks with a fourfold lower average mass and a one-third shorter height under the dense-shade treatment (Fig. 4) . Average flower stalk mass of F. arizonica was significantly lower under intermediate shade than under no shade, whereas flower stalk height and number were significantly different for the dense-shade plants. Flower stalk height of S. hystrix differed from the other species by increasing significantly with shade, while average flower stalk mass did not change with shading. However, the number of flower stalks decreased significantly under shade with dense-shade plants having only about half the flowers of noshade plants (Fig. 4) . Blepharoneuron tricholepis had the greatest number of flower stalks per plant compared with the other species, and all flower characteristics decreased significantly in the dense-shade treatment compared with noshade plants.
Discussion
Leaf gas exchange
Of the five species examined, the relationship between A area and A mass with PPFD was the weakest for K. cristata, especially early in the growing season. In contrast, B. tricholepis and M. montana generally had stronger relationships between A area and PPFD. This result is consistent with numerous studies documenting that species successful in shaded conditions experience a lower decrease in photosynthetic capacity per leaf area under shade than species that are most successful in sunny enviroments (Pons 1977; Bazzaz and Carlson 1982; Ward and Woolhouse 1986; Smith and Martin 1987; Sims and Pearcy 1989) . This trend has also been shown for A area (Ashton and Berlyn 1992; Holmes and Cowling 1993; Walters et al. 1993) , and A mass (Kuiper and Smid 1985; Walters et al. 1993 ) for shade species.
While the five species we examined differed in photosynthetic response to shading throughout the study, these differences were greatest during early reproductive shoot growth. At this stage, assimilation versus PPFD regression Table 1 . Slopes for simple linear regressions between the natural logarithm of PPFD at the time of measurement and net assimilation per area (A area ) and dry mass (A mass ) for measurement dates closest to the initiation of reproductive shoot growth and flower emergence. Fig. 1 ) and shade treatments. Error bars are SE. Measurements were taken in April for K. cristata and S. hystrix, and in May for B. tricholepis and M. montana on newly developed, fully expanded leaves. Within a species, bars with the same letters are not significantly different (p > 0.05). Festuca arizonica was excluded from statistical analyses because its involute leaves affected leaf area measurements. slopes ranked consistently with the species' forest growth environment, with the exception of the A area slope of F. arizonica ( Fig. 1; Table 1 ). Also at this stage, slopes were generally the greatest of the season suggesting a greater relative reduction in C gain for the shaded plants at this phenological stage. After emergence of the first flower, species differences in photosynthetic response to shading disappeared. Carbon limitation in shade during early reproductive shoot growth could result in reduced reproductive success. At this stage, floral primordia are initiated and inflorescence sizes determined for some grasses (Hay and Walker 1989) . Further, C limitations may reduce the number of reproductive tillers that develop (Hay and Walker 1989) . As a consequence, the species that were less tolerant to shade in our study may survive under dense shade, but their reproductive success could be severely hampered.
Fig. 2. Specific leaf area for five species (abbreviations as in
A second implication of greater photosynthetic sensitivity to shade during early reproductive shoot growth relates to the time period from onset of reproductive shoot growth to flower emergence. Flowers of K. cristata and F. arizonica emerged about 18 days after the onset of reproductive shoot growth regardless of the shade treatment (Table 2) . Sitanion hystrix, M. montana, and B. tricholepis had longer time periods between onset of reproductive shoot growth and flower emergence than K. cristata and F. arizonica that increased further for shaded plants relative to the unshaded plants (Table 2) . Consequently, shaded plants of these three species could be impacted longer by low photosynthetic rates during reproductive shoot growth compared with K. cristata and F. arizonica. For example, A area and A mass versus PPFD slopes of B. tricholepis were equally high during early reproductive shoot growth (June 30) and the following measurement date (not shown). This finding suggests a greater negative impact on the growing season C balance of shaded B. tricholepis plants compared with shaded plants of the less-affected species.
Festuca arizonica was the only species in this study whose photosynthetic response to shading differed between the leaf area-and mass-based expressions of net assimilation rate (Table 1). While the fine, involute leaves of F. arizonica resulted in an overestimate of A area , the interpretation of the A area versus PPFD slopes should be valid since the overestimation occurred at all light levels. Generally, A mass is a better predictor of overall plant C balance of plants (Givinish 1988; Garnier 1991) and tree seedling survival in shade (Kitajima 1994; Walters and Reich 1996) than A area . Given these indications of greater relevance of A mass to shade tolerance, we consider F. arizonica to be intermediate in its ability to assimilate in shade relative to the other species. Further, this would suggest that K. cristata, which showed no decrease in A mass under shade early in the season, should be the most suited to grow in shade.
Biomass and reproductive characteristics
If success in shade is equated with maintaining biomass production relative to unshaded conditions, then S. hystrix would be the most successful species in this study. However, the more sensitive response of biomass to shading by the other four species does not necessarily demonstrate poor performance in shade. For example, the shade grass Deschampsia flexuosa (L.) Trin has shown similar growth rate responses across various PPFD as the sun grass Festuca ovina L. (Foggo and Warrington 1989) , and other shade species show significant increases in biomass under high-versus low-growth light conditions (Adamson et al. 1991; Clabby and Osborne 1997) .
Of the biomass characteristics measured, the response of leaf biomass to shading corresponded best with the species' distributions in the forest. Sitanion hystrix is generally found in dense stands and showed no significant decrease in leaf biomass across all shade levels (Fig. 3) . This, in combination with strong adjustments in SLA (Fig. 2) , probably contributed strongly to the small effect of shading on total biomass of S. hystrix. In contrast, the two species preferring open areas (B. tricholepis and M. montana) showed larger decreases in leaf biomass between the no-shade and intermediate-shade treatments and had comparatively small increases in SLA in response to shading. Thus, it appears that shifts in biomass allocation and changes in leaf morphology to maintain photosynthetic area minimized shade effects on biomass of S. hystrix and less so for the other species.
Relative biomass allocation to roots, leaves, and flower stalks in our study did not vary consistently with the distribution of grass species in the forest. Each species appeared to have a distinct response to shading. This result is unexpected based on research indicating that shade-tolerant species have smaller changes in biomass allocation toward stems and leaves when grown under shade than intolerant species (Fitter and Ashmore 1974; Morgan and Smith 1979; Grime 1981; Smith 1982; Corré 1983) . However, other studies have shown that shade-tolerant species can show equal or greater changes in biomass allocation compared with intolerant species (Mitchell and Woodward 1988; Dale and Causton 1992; Hutchings and de Kroon 1994) . In our study, B. tricholepis, M. montana, and S. hystrix showed little change in RMR in response to shading (Fig. 3) . These species had comparatively low root biomass and RMR and a later date of flowering that coincides with the wetter portion of the growing season in the American Southwest. In contrast, K. cristata and F. arizonica showed significant decreases in RMR under each shade treatment (Fig. 3) , had high relative and absolute biomass allocation to roots, and had an early date of flowering ( Table 2 ) that coincides with the onset of the early summer drought season. This effect of RMR size on the ability of RMR to change under shade has been observed by Dale and Causton (1992) as well. The lack of consistency among studies in the magnitude of changes in biomass allocation for shade-tolerant and -intolerant species may be due to allometric constraints. These constraints may affect biomass allocation patterns independently from shade tolerance such that resource-limited plants may not be able to shift more biomass to the organ that captures the most limiting resource (Menges 1987; Grime 1994) .
All species were capable of reproductive growth under the shade treatments suggesting that, while all grew more poorly under shade, this limitation was not strong enough to eliminate costly reproductive biomass. Rather, shade slowed flower development of B. tricholepis, M. montana, and S. hystrix by shifting the onset of reproductive growth to an earlier date but with the same or later date of flower emergence (Table 2). The degree to which flower development was delayed appears closely related to the natural seasonality of flowering for these species rather than distribution in the forest. Koeleria cristata and F. arizonica flower early and showed no or little delay with shading. For S. hystrix, which flowers later in the season, the time of flower development was increased more by shading than for the early flowering species but less than for the latest flowering species, B. tricholepis and M. montana.
Sitanion hystrix was the only species whose flower stalk mass was unaffected by shading while height increased (Fig. 4) , suggesting reallocation of biomass to reproduction in shade (Fig. 3) . A similar response has been observed for seedlings of D. flexuosa, where allocation shifted toward fewer but larger tillers under shade, which would enable it to grow better in shade (Foggo 1989) . The same argument has been made regarding reduced tillering rates of pasture grasses exposed to low R/FR, which presumably improves the fitness of individual plants growing in competition with other plants (Casal et al. 1985 (Casal et al. , 1987 . Flower stalk mass decreased under the dense-shade treatment for the other species in our study. In fact, F. arizonica showed a large decrease in flower stalk mass, while the number of flower stalks increased with shading (Fig. 4) .
Conclusions
The C 4 species, B. tricholepis and M. montana, showed the greatest decrease of all species in A area and A mass during early reproductive shoot growth and in leaf biomass in response to shading. Both these species also showed a large decrease in total biomass with shading. In contrast, the C 3 species, S. hystrix and K. cristata, showed the least response of A area and A mass to shading during early reproductive shoot growth. Additional indications of the higher shade tolerance of S. hystrix were low sensitivity of leaf biomass, total biomass, and mean flower stalk mass to shading. Koeleria cristata's leaf biomass decreased only under intermediate shade, but its decrease in total biomass was similar to that of B. tricholepis and M. montana. Festuca arizonica had intermediate to high photosynthetic sensitivity to shading. Festuca arizonica's leaf and total biomass responses to shading were similar to those of K. cristata, yet its flower stalk response to shading suggests that has low shade tolerance. These results apply to populations of these species on the Colorado Plateau near Flagstaff, Ariz., as genetic variation in shade response among ecotypes has not been addressed for these species.
In conclusion, several of the response variables measured in this study suggest differences in shade tolerance that agree with the distributions of these species in P. ponderosa forests in northern Arizona. However, all five species grew better under the no-shade treatment but were also able to survive and produce flowers under the dense-shade treatment after one growing season. One growing season may not fully show the impact of successive years of shading on the more intolerant species because of carbohydrate storage in roots and crowns from the previous year. Still, our results indicate that decreased light availability contributes to the absence of B. tricholepis, M. montana, and F. arizonica under dense P. ponderosa forests.
